Priority areas for watershed service conservation in the Guapi-Macacu region of Rio de Janeiro, Atlantic Forest, Brazil. by OSUNA, V. R. et al.
Rodríguez Osuna et al. Ecological Processes 2014, 3:16
http://www.ecologicalprocesses.com/content/3/1/16RESEARCH Open AccessPriority areas for watershed service conservation
in the Guapi-Macacu region of Rio de Janeiro,
Atlantic Forest, Brazil
Vanesa Rodríguez Osuna1,2*, Jan Börner1, Udo Nehren2, Rachel Bardy Prado3, Hartmut Gaese1 and Jürgen Heinrich4Abstract
Introduction: Land use intensification and urbanisation processes are degrading hydrological ecosystem services in
the Guapi-Macacu watershed of Rio de Janeiro. A proposal to pay farmers to restore natural watershed services
might be an alternative to securing the water supply in the long-term for the around 2.5 million urban water users
in the study region. This study quantifies the costs of changing current land use patterns to enhance watershed
services and compares these costs to the avoided costs associated with water treatment for public supply.
Methods: We use farm-household data to estimate the opportunity costs of abandoning current land uses for the
recovery of natural vegetation; a process that is very likely to improve water quality in terms of turbidity due to
reduced inputs from erosion. Opportunity cost estimates are extrapolated to the watershed scale based on remote
sensing land use classifications and vulnerability analysis to identify priority zones for watershed management
interventions. To assess the potential demand for watershed services, we analyse water quality and treatment cost
data from the main local water treatment plant.
Results: Changing agricultural land uses for watershed services provision generally comes at high opportunity costs
in our study area near to the metropolis of Rio de Janeiro. Alternative low cost watershed conservation options do
exist in the livestock production sector. These options have the potential to directly reduce the amount of
sediments and nutrients reaching the water bodies, and in turn decrease the costs of treatment needed for
drinking water. Land cover changes at the scale needed to improve water quality will, nonetheless, likely exceed
the cost of additional investments in water treatment.
Conclusions: The state water utility company’s willingness to pay for watershed services alone will not be enough
to induce provision of additional watershed services. We conclude that monetary incentives conditioned on specific
adjustments to existing production systems could still have a complementary role to play in improving watershed
services. However, we note that our willingness to pay analysis focusses on only one of the potentially wide range
of ecosystem services provided by natural vegetation in the Guapi-Macacu watershed. Factoring these ecosystem
services into the willingness to pay equation is likely to change our assessment in favour of additional conservation
action, be it through PES or other policy instruments.
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One of the biggest challenges of our time is to revert the
ongoing degradation of ecosystems while meeting the in-
creasing demand for food and biomass (Thomas and
Callan 2010; MEA 2005). Population and economic growth
are increasing the demand for water resources and, at the
same time, amplifying the pressure on ecosystems that de-
liver watershed services (Porras et al. 2008).
The degradation of ecosystem services represents a
loss of widely undervalued natural capital assets (TEEB
2009; Montes 2007); MEA 2005. While there is general
agreement that land use choices influence watershed ser-
vice provision, the magnitude and nature of the effects
are highly context dependent and poorly understood in
tropical forest environments (Porras et al. 2008; Veiga
2008; Calder 2005; van Noordwijk 2005).
Land and water linkages are challenging to manage as
watershed services have a common good characteristic
(Porras et al. 2008) and are generally unaccounted for in
monetary terms. As a result, they are often degraded
and this is not reflected in traditional economic mea-
sures, such as GDP (TEEB 2009; Costanza et al. 1997;
FAO 2007). Land use patterns and land management
practices by upstream landholders in a watershed deter-
mine, to a great extent, quality and quantity of water
bodies (Porras et al. 2008). For example, unsustainable
land use and agricultural practices can result in negative
hydrological side-effects, or externalities, such as sedi-
mentation (Veiga 2008; MEA 2005). As a result, the de-
sign of policy measures that encourage farmers to adopt
watershed conservation measures and, at the same time,
maintain or even increase productivity has become a
major research issue.
Several policy options are available to enhance incen-
tives for the supply of ecosystem services. Command-
and-control regulations, such as bans on forest clearing,
have long been the preferred policy option to control en-
vironmentally harmful land use changes (Boerner and
Vosti 2012; Porras et al. 2008; FAO 2007). More re-
cently, mechanisms based on economic incentives or
markets for ecosystem services are being proposed as
cost-effective complementary tools to promote ecosys-
tem service conservation (Porras et al. 2008; Engel et al.
2008; FAO 2007). These incentive-based mechanisms in-
clude payments for ecosystem services (PES) and pay-
ments for watershed services (PWS), water quality
trading markets and reciprocal or in-kind agreements
(Bennett et al. 2013).
Latin America registered a transaction value of USD
528.9 million in such investments between 2001 and 2011
corresponding to 3.4 million hectares (Bennett et al.
2013). PWS programmes are considered to be the “fastest
growing” and most mature among all PES schemes in
Latin America (Bennett et al. 2013; Balvanera et al. 2012;Stanton et al. 2010). PWS in Latin America typically
involve compensating upstream rural producers for pro-
tecting and/or restoring natural forest ecosystems and
highland natural pastures (páramo) (Pria et al. 2013; Veiga
and Galvadao 2011; Grieg-Gran et al. 2005). Such ecosys-
tems are mostly located in strategic water production
areas, such as headwaters, riparian forest or water intake
points for water supply (Pria et al. 2013; Veiga and
Galvadao 2011). There is, however, little evidence on the
effectiveness of such schemes in meeting conservation
and development goals in the peer-reviewed literature (see
for example Arriagada et al. 2012; Pattanayak et al. 2010).
In Brazil, PWS are expanding and there are already 848
ecosystem service providers in the Atlantic Forest region
alone, mainly organised or supported within the National
Water Agency’s Water Producer Programme (Veiga and
Galvadao 2011; Santos et al. 2010). As of 2012, 41 PWS
projects had been implemented or were in preparation,
covering an area of around 40,000 hectares. A project in
the state of Rio de Janeiro is currently in development, in
the Três Picos State Park, Municipality of Cachoeiras de
Macacu (Guedes and Seehusen 2011). This State Park is
located in the mountainous area of the Guapi-Macacu
watershed, which contributes to the supply of drinking
water for almost 2.5 million inhabitants of five municipal-
ities, including the city of Niteroi (Pedreira et al. 2009)
and this watershed is the focus of the present study. The
main drivers of degradation of water resources in this
watershed are urbanisation processes, intensive agriculture
and conversion of riparian vegetation.
Managing watershed services requires solid knowledge
about (1) the costs of providing an additional unit of
water quality or quantity (supply side) and (2) water
users or intermediaries’ willingness to pay for an add-
itional unit of water quality or quantity (demand side).
The economic aspects of watershed services supply and
demand are particularly poorly studied and many PWS
initiatives begin operating without quantitative know-
ledge of such parameters (Martin-Ortega et al. 2012). To
address this knowledge gap, we focus on two research
questions within our study area of the Guapi-Macacu
watershed in the state of Rio de Janeiro:
1. What are the costs associated with shifting land uses
to foster improved and enhanced watershed services
(services supply)?
2. What are the treatment costs for the water supply
company to improve water quality parameters such
as turbidity?
Our focus is on understanding the supply and environ-
mental conditions that determine watershed service
provision. Particularly, we concentrate on the watershed
service related to water quality maintenance in terms of
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we also analyse factors that influence water treatment costs
(related to services demand) based on land use changes.
The remainder of this paper is structured as follows, sec-
tion “Assessing watershed services supply and demand”
presents our approach, addresses relevant literature and
concepts related to watershed service supply and demand,
section “Methods” describes the study area and methods
used for this research, section “Results” presents our find-
ings, section “Discussion” discusses these findings and con-
textualises them with other studies and reviews the main
caveats. Finally, section “Conclusions” presents our main
conclusions and the policy implications for watershed
service management.
Assessing watershed services supply and demand
The supply of watershed services
Watershed service provision is to a large extent deter-
mined by land use and land cover. For example, unsus-
tainable land use is frequently linked to a high surface
runoff and an elevated concentration of suspended and
soluble loads in water bodies (Batchelor et al. 1998).
Changes in land cover, such as forest to agriculture con-
version, tend to increase superficial runoff and sediment
flux in rivers (FAO 2007; MEA 2005).
Healthy forest and wetland ecosystems are considered
very effective at regulating water flow and improving
water quality (Russi et al. 2013; TEEB 2010a,b). Main-
taining water quality includes the control of sediment,
nutrient (in particular phosphorous and nitrogen) and
chemical loads, as well as salinity (TEEB 2010b). In
addition, forest ecosystems can remove pathogenic mi-
crobes, sequester and convert inorganic ions and trans-
form persistent organic pollutants (TEEB 2010b).
Watersheds with an important extension of forest tend
to offer better water quality than those subject to other
land uses, such as agriculture, pasture, industry and
urban infrastructure, since the latter are associated with
higher discharges of diverse types of pollutants into soils
and water. In this way, the presence of forest could sub-
stantially reduce the cost of water treatment for drinking
water in most cases, thereby reducing the related costs
for water supply (Medeiros et al. 2011; Reis 2004).
Cities such as Rio de Janeiro, Johannesburg, Tokyo,
Melbourne, New York and Jakarta all depend on pro-
tected areas with forests to provide drinking water for
their residents (Dudley and Stolton 2003). Moreover, a
third of the hundred largest cities worldwide take a sig-
nificant proportion of their drinking water from pro-
tected forested areas (Dudley and Stolton 2003).
Worldwide several examples show that well-managed
forests, wetlands and protected areas are very likely to sup-
ply clean water at significantly lower costs than man-made
replacements, such as water treatment plants (Bennett et al.2013; Hanson et al. 2011; TEEB 2009; Postel et al. 2005).
Some examples are included in Table 1. For example, in the
United States of America, 27 water suppliers showed that
in watersheds with at least 60% forest cover, treatment costs
were 50 percent less than those with 30% forest cover
(Postel et al. 2005). Accordingly, several North American
cities have decided to invest in watershed management to
avoid the expense of water treatment plants.
In the literature regarding water quality, off-site effects
of soil erosion are frequently referred to as sedimentation
(Veiga 2008; Holmes 1988). A summary of economic
activities most affected by loss of watershed services is
presented in Table 2.
Different authors have classified ecosystem services in
distinct ways (Haines-Young and Potschin 2013 Daily
and Matson 2008; FAO 2007; Farber et al. 2006; MEA
2005; Postel et al. 2005; Hawkins 2003; De Groot et al.
2002; Costanza et al. 1997). In the current study, we
followed the TEEB (2010b) classification of watershed
services, whereby maintenance of water quality for hu-
man consumption is considered a provisioning service.
We use this terminology throughout this article.
It is often argued that a major challenge of market
mechanisms relates to the “packaging” of ecosystem ser-
vices into commodities that are tradable or subject to a
contract (Porras et al. 2008). However, most PWS
schemes in developing countries are guided by a “land-
based” approach, whereby suppliers are paid to improve
their land management practices, which are in turn con-
sidered highly likely to result in watershed service
provision, rather than being paid for the actual service
delivery (Porras et al. 2008). Regardless of the approach
chosen, watershed services supply is inevitably linked to
farmers’ land use decisions (FAO 2007). Consequently,
watershed services supply analyses often require cost-
benefit analyses of agricultural production systems.
The concept of opportunity costs (OCs) is most fre-
quently used to express the costs of additional watershed
service provision. In the context of watershed services,
OCs represent any benefits foregone by a farmer upon
converting from their current land use to an alternative
form of land use that is more watershed service-friendly.
Ideally, PWS are designed in such a way that payments
compensate for at least the OCs of additional service
provision or the foregone benefits of the land use promoted
in order to provide the service. The extent to which such
payments are or are not appropriate depends on the alter-
native land uses in each given area (Pagiola et al. 2010).
The demand for watershed services
When dealing with demand, we refer to those who are
currently benefiting from the delivery of watershed ser-
vices and to the resources available for protecting and
conserving these services (Guedes and Seehusen 2011).
Table 1 Examples of the economic values of watershed services
Action Examples Source
Payments to maintain water purification services in the
Catskills watershed, New York avoid the costs of launching a
filtration plant for water treatment
Payments for maintaining watershed purification represent 1 to
1.5 billion USD in comparison to the much higher estimated
cost of a filtration plant (6–8 billion USD plus 300–500 million
USD yearly for operating costs)
Hanson et al. 2011;
WRI 2011; Pagiola
et al. 2004
The cost of removing nitrate contamination from water in
Rochester, Minnesota
2.8-4.8 million USD per year Hawkins 2003
WTP for water quality improvement in the levels of iron,
sulphate, hardness, and copper in South-western, Minnesota
2.4, 2.0, 6.6 and 2.6 million USD yearly respectively
(via contingent valuation method)
Hawkins 2003
Yearly revenues in public utility resulting from natural water
supply in Mud Lake, Minnesota/ South Dakota
94 USD per acre Hawkins 2003
Annual WTP from residents living close to the Minnesota
River for reducing phosphorous levels
14.1 USD via taxes or 19.6 USD via water bills for a 40%
reduction in a nearby river (contingent valuation method)
Hawkins 2003
Increased reservoir water quality and surface area in St.
Louis, Missouri
Yearly net benefit of 25 million USD (travel cost method) Hawkins 2003
Value of water supply in Milesburg, Pennsylvania Between 14 and 36 USD per household (avoided cost) Hawkins 2003
In Venezuela, a national protected area system avoids
sedimentation
Without the provision of this service by the national protected
area, unavoided sedimentation could reduce farmer’s income
by approximately 3.5 million USD yearly
Pabon-Zamora et al.
2008
The current provision of ecosystem services related to
existing stream vegetation along the Llobregat River, Spain
79,000 EUR per year savings in water treatment costs for the
residents of Barcelona
Honey-Roses et al.
2013
In New Zealand, the value of water provision from the
Otago region coming from the Te Papanui Conservation Park
Now it is “free” but would cost 136 million NZDa to bring it in
from somewhere else (total benefit of the service)
TEEB 2009
a1 USD is equivalent to 1.30 NZD at current exchange rate (http://www.oanda.com/currency/converter/).
Table 2 Examples of economic activities most affected by the loss of watershed services
Economic activities and
damage caused by the loss
of watershed services
Examples of incurred costs/damages due to the loss of watershed services Source
Activities that depend on reservoirs Capacity loss for energy generation Veiga 2008; Reis 2004
Capacity loss of irrigated production
Loss of benefits related to flood control
Capacity loss of navigation channels
Increase of suspended material/siltation of water bodies resulting in a reduction
of their storage capacity
Drainage and maintenance
operations
Costs related to (a) irrigation and drainage of channels, (b) hydroelectric plant
reservoirs, (c) ports and (d) eutrophication (increase concentration of N and P
in water bodies)
Veiga 2008; Reis 2004
Increased water treatment
costs related to augmented turbidity
One example are watersheds in São Paulo with lower costs related to
consumption of chemical products for the water treating process (less than
20 BRLa per 1,000 m3 of treated water) were those with a forest cover higher
than 15%. The two water treatment units with less percentage of forest cover
(Piracicaba and Atibaia rivers with less than 10% forest cover) show considerably
higher specific costs of chemical products
Reis 2004; Dearmont et al.
1998; Holmes 1988,
Moore and McCarl 1987
Monetary damages related
to sedimentation
Additional annual costs from 35 to 661 million USD for a US water treatment
plant due to soil erosion. These values relate strongly to agricultural production
causing sedimentation
López 1997; Holmes 1988
Additional annual operational cost of 3.2 BRL per hectare and 0.10 BRL per ton
of eroded soil for the water treatment of the river Corumbataí in São Paulo.
These estimates were made assuming that the only externality caused by soil
erosion were increased water treatment costs but not taking into account
siltation of river banks, flooding of areas close to river banks and loss of
navigation capacity
a1 USD is equivalent to 2.38 BRL at current exchange rate (http://www.oanda.com/currency/converter/). This rate will be used onwards in this document when
comparison among monetary units is required.
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in Latin America, a user’s fee system can be an effective
approach to efficiently use water resources. The water-
sheds of the rivers Piracicaba, Capivari and Jundiaí (PCJ)
in the state of São Paulo have implemented such a user’s
fee system with around 8.8 million of beneficiaries of the
Cantareira system (Veiga and Galvadao 2011). In this
situation, an Inter-Municipal Basin Committee was
formed to manage a watershed protection fund and con-
tributions to the fund come from the municipal water
utility budgets.
As a further alternative, some programmes in the Atlantic
Forest region are subsidised by the government, for ex-
ample: “Bolsa Verde”, “ProdutorES de Água” and “Mina
D’água” in the states of Minas Gerais, Espírito Santo and
São Paulo, which pay rural producers for conservation ac-
tivities on their properties (Guedes and Seehusen 2011).
These include the protection or restoration of native vege-
tation areas with a focus on headwaters and riparian forests
(Guedes and Seehusen 2011; Veiga and Galvadao 2011).
Another significant source of finance for PWS in devel-
oping countries comes from the international public sector
funding or development assistance (Porras et al. 2008). A
key provider to this funding is the Global Environmental
Facility (GEF), which acts as buyer on behalf of service
users for conserving global public services. Around 108
million USD and 52 million USD have been made available
as World Bank (WB) loans and GEF grants respectively for
WB/GEF-supported PWS projects (FAO 2007). For ex-
ample, the World Bank has given loans to support theFigure 1 Conceptual framework for assessing watershed services. Thi
considering supply is at the farming system level and demand is at the wadevelopment and implementation of well-known PES pro-
grammes in Mexico and Costa Rica (FAO 2007). Involve-
ment of the private sector in paying for ecosystem services,
including in the context of corporate social responsibility,
is growing (TEEB 2010c).
Considering these factors, supply and demand analysis
of watershed services provides essential information to
assess the economic and financial viability of PWS
schemes (IIED 2012a). Figure 1 illustrates our approach
in identifying the economic preconditions for a potential
PWS scheme in the Guapi-Macacu watershed.
As the figure suggests, we expect PWS to be a viable
policy option only if the willingness of water users to
pay (i.e. the demand of the water company) exceeds
the opportunity costs (OCs) of additional watershed
service provision (supply) incurred by land users in the
watershed.
Methods
The Guapi-Macacu watershed
The study area lies within the Guapi-Macacu watershed
(1,263 km2), which is located in the Serra do Mar bio-
geographical region (Ribeiro et al. 2009) and is a priority
conservation target within the Atlantic Forest biodiver-
sity hotspot in the state of Rio de Janeiro (CEPF 2001),
see Figure 2.
The Atlantic Forest biome is characterised by historically
high deforestation rates (Dean 1997), resulting in a highly
fragmented area with numerous isolated and disperse for-
est fragments in a landscape dominated by agriculturals framework considers water quality maintenance for public supply
tershed level.
Figure 2 The Guapi-Macacu watershed within the state of Rio de Janeiro.
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2009). This biome supplies 135 million people with water
(Pria et al. 2013); however, a mere 11 to 16 percent of its
original forest cover is left (Ribeiro et al. 2009).
Forest cover in the state of Rio de Janeiro and more
specifically in the Guapi-Macacu watershed, is compara-
tively high due to its rugged topography. Unfortunately,
continuous forest cover occurs mostly on steep slopes
that are inappropriate for agriculture, while the foothills
and lowlands are dominated by agriculture and pasture
(Nehren et al. 2013; Strobel et al. 2007). In 2008, the
land cover/land use of the Guapi-Macacu watershed
consisted of forests in all stages (48.8%), pastures
(41.4%) and agriculture (4.4%). The remaining 5.4% were
covered by urban areas, water bodies, bare soil, rock out-
crop, wetlands and mangrove (Fidalgo et al. 2008).
Rivers and creeks in the Guapi-Macacu watershed origin-
ate mainly in the State Park “Três Picos”, but some stem
from the National Park “Serra dos Órgãos” and in the State
Ecological Station “Paraíso”. The main rivers Macacu and
Guapiaçu originate within the State Park and constitute the
main components of this watershed (Strobel et al. 2007).The water intake point of the water supply is located
in the lower part of the watershed and managed by
the Drinking Water and Wastewater State Company
(CEDAE). Due to the good water quality coming from
the springs of the rivers Macacu and Guapiaçu, several
mineral water companies have been established in the
region, as well as enterprises for which water is an
essential input (Strobel et al. 2007).
In the Guapi-Macacu watershed, various demands in
water supply to domestic, industrial and agricultural
consumption are taking place as a result of the good
water quality from the water sources of the main rivers
(Strobel et al. 2007). Moreover, the ongoing construction
of a new petrochemical complex (COMPERJ) in the
downstream area of the watershed is expected to further
increase both water demand and pressure on natural re-
sources in the study area (Pedreira et al. 2009).
Within the watershed, three sub-watersheds (see Figure 3):
(I) Manuel Alexandre, (II) Batatal and (III) Caboclo were se-
lected for this study. Each of these sub-watersheds repre-
sents the different types of land cover mix found in the
area, namely “forest”, “agriculture” and “pasture”, which
Figure 3 Sub-watershed landscapes of three rivers: Manuel Alexandre (left), Batatal (upper right) and Caboclo (lower right).
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area. By selecting three sub-watersheds with greatly varying
land use patterns and intensities, we were able to compare
them with respect to their differences on agricultural profit-
ability and their distinctive impact on water quality parame-
ters: in this case turbidity levels.
(I) The sub-watershed Manuel Alexandre is located in
the Ecological Reserve of Guapiaçu (REGUA) and
represents a well-preserved landscape with a high
proportion of forest land (87%) (Fidalgo et al.
2008). It therefore served as the reference for a
nature-near, less disturbed forest ecosystem. This
area includes a private reserve with low human
impact resulting primarily from ecotourism in the
form of birdwatchers. Most of the area within this
sub-watershed is protected under the REGUA
Association, which is financially supported by the
Brazilian Atlantic Forest Trust (BART) with the
stated objective of protecting the Atlantic Rainforest
of the upper Guapiaçu river watershed. This is
mainly done by enlarging protected areas through
land purchase.
(II) In contrast, the sub-watershed Batatal represents a
mixed system of the most relevant land uses with a
mosaic of forest fragments (69%), pastures (28%)
and agriculture (4%) considering the land use
classification by Fidalgo et al. (2008). Predominantly,
banana (perennial) is found in higher elevation areas,
followed by annual crops mainly found in flat areas
or lowlands (cassava, maize, beans and vegetables).
Forest fragments in different stages of ecological
succession are found in high elevation areas.(III) In the Caboclo sub-watershed, the predominant
land use type is forest (81%), followed by pasture
(14%) and agriculture (3%) according to Naegeli
(2010) and Fidalgo et al. (2008). Agricultural
systems with a considerably higher intensity than
in Batatal are found in this sub-watershed, mainly
along the floodplain. The most common annual
crops are maize, cassava, beans and vegetables,
whereas perennial crops are rare. The higher
elevation area is within the boundaries of the State
Park Três Picos, where agricultural activities are
carried out within the buffer area of this Park.
Both sub-watersheds, Batatal and Caboclo have under-
gone historical exploitation cycles, resulting in high de-
forestation, forest fragmentation and degradation, as
well as intense soil erosion (Nehren et al. 2013).
Methods to assess supply of watershed services
To calculate the opportunity costs (OCs) related to the
provision of watershed services under varying land use
systems, we carried out a cost-benefit analysis of repre-
sentative farming systems in the region. For this, we de-
veloped detailed individual budgets for all activities
within a given farming system (for definition see Beets
1990). Activity budgets summarised revenue and cost
information and were finally aggregated to calculate
the average rate of return for each land use type (WBI
2011). Crop budgets were compared for coherence with
official current production costs used by the Rural
Extension and Technical Assistance Agency (EMATER)
of the state of Rio de Janeiro.
Our target population was households practicing some
degree of agriculture at the sub-watershed level considering
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survey was carried out in two field campaigns in 2011 and
2012 with the permanent support of key local producers,
EMATER of the municipality of Cachoeiras de Macacu, the
City Council of this municipality and Embrapa Soils scien-
tists. Expert interviews were carried out with the Director
of the REGUA Reserve and other staff members in Manuel
Alexandre sub-watershed, to better understand land use
history and recent management practices in the region.
To define the sample universe, we created an inventory
using the indirect census technique following Forero
(2002). This process consisted of a participatory mapping
exercise based on recent aerial imagery provided by the
City Council of Cachoeiras de Macacu. This enabled us to
assemble a list of all farm units within the sub-watersheds,
which was confirmed by extensive field visits and
supported thoroughly by local experts including a member
of the Agricultural Department of the City Council
(Cachoeiras de Macacu), the President of the Faraó
Farmer’s Association (A.L.A.F.) in the sub-watershed of
Batatal, a member of the Rural Workers Union (in the
sub-watershed of Caboclo) and the Director of the REGUA
Reserve (Manuel Alexandre sub-watershed). As a result, a
total of 32 households in Batatal and 60 in Caboclo were
identified, of which 78 households within the two populated
sub-watersheds were interviewed using a semi-structured
survey. No interviews were made in the reference site of
Manuel Alexandre sub-watershed. The sample size ob-
tained is supported by Angelsen et al. (2011), who suggest a
minimum sample size of 25–30 households from each
community. This is valid for communities with 100 to 500
families. The designed questionnaire was based on various
scientific publications and reports (see Rodriguez Osuna
2013; Angelsen et al. 2011; WBI 2011; Gaese 2009; Instituto
Terra Mater 2009; Forero 2002).
Throughout the course of our fieldwork, two survey
rounds were carried out. The first survey round included a
random sampling of farm units within each sub-watershed
to define “representative farming systems”. Important se-
lection criteria for these farming systems as suggested by
Zimmer et al. (2009) and local experts included mainly:
farm size, land tenure, production programme and agricul-
tural management practices, and average location of farms
in terms of metres above sea level (m.a.s.l.).
Once such farming systems were defined, a second
survey round was launched to explore in-depth charac-
teristics of farming systems with special attention to the
inputs and outputs that are relevant to profitability
among such systems.
In the sub-watershed of Batatal, we divided the farm-
ing systems by location in upland versus lowland, since
this division significantly affects production patterns.
Farm units in the uplands are located at an average alti-
tude of 344 m.a.s.l. in contrast to those in the lowlandslocated at ca. 83 m.a.s.l. Agricultural production in the
lowlands of Batatal is comparable to those sub-watersheds
located along the Macacu River. The same occurs in
Caboclo, which is representative for sub-watersheds along
the Guapiaçu River (Figure 2).
Subsequently, a cost-benefit analysis was carried out
for each farming system. The occurrence of each farm-
ing system was estimated and validated through local ex-
pert consultation as suggested by Angelsen et al. (2011).
Our sampling strategy focused on capturing the diver-
sity of smallholder production systems in the region, yet
our total sample size was too small to obtain a represen-
tative sub-sample of the large cattle operations that
dominate in the lower part of the watershed. For the
cost-benefit analysis of cattle production systems, we
thus relied on additional in-depth interviews with a
group of livestock producers deemed representative by
officers of EMATER.
Based on interviews with selected livestock producers
and secondary data on livestock systems in this area (see
Quintana 2012), we calculated livestock activity budgets
for three slope categories: 1) ≤15°; 2) 16-25° and 3) >25°.
These budgets were calculated under the assumption
that profits for livestock production decreased with in-
creasing slope, because of lower productivity of pasture,
among other factors. This assumption is based on inter-
views with local farmers.
Once profits for agricultural and livestock systems were
obtained, they were extrapolated to the watershed level
using a Landsat based land cover classification that identi-
fied “agriculture” and “pasture” areas (Pedreira et al. 2009;
Fidalgo et al. 2008). The agricultural profit calculated in
the selected sub-watersheds (only considering lowland
areas) was applied to all sub-watersheds in the same river
network. In the sub-watershed of Batatal, we divided
farming systems located in uplands and lowlands since
this division influences significantly production patterns.
This was not necessary in the Caboclo sub-watershed,
where all farming systems are located in the lowlands.
The profit derived from farming systems is equal to
the opportunity cost of converting agricultural or pas-
toral lands to forest, thereby reducing turbidity. For ex-
ample low OCs are associated with low profits from
current land use. Per hectare OC estimates for each sub-
watershed thus represent the weighted average per hec-
tare profits from the respective land cover types.
We relied on a spatial analysis of the vulnerability of
water resources in the study area (Ferreira 2012), which
was understood as the likelihood of watershed service loss.
In this case, our assessment considered state and pressure
indicators following the Driving Forces, Pressure, State,
Impact and Response (DPSIR) framework (see Borja et al.
2006), where 50% were state indicators including: geo-
morphology, hydrogeology, drainage density, soils, index
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(APP) fragments and slope. APP areas are established by
the Brazilian Forest Code (Federal Law 4771/1965) and
are defined as “protected areas, both covered or not with
native vegetation, that have the environmental functions
of preserving water resources, landscapes, geological sta-
bility, biodiversity, and genetic fluxes of flora and fauna, as
well as protection of the soil and securing the wellbeing of
human populations” (Ministry of Environment 2005).
These areas include a minimum vegetation area to protect
riverbanks and headwaters. The other 50% included pres-
sure or anthropogenic indicators such as phosphorous (P)
and nitrogen (N) production, land use and road density
(Ferreira 2012). All mentioned factors (state and pressure)
were weighed by hydrological expert consultation by
Ferreira 2012 (Figure 4). Single indicators were based
mostly on published official maps predominantly gener-
ated by Embrapa Soils.
Our next step was to identify priority areas for water-
shed service provision. For this, we overlaid environ-
mental and economic criteria, i.e. vulnerability of water
resources and spatial OCs within the Guapi-Macacu
watershed. This allowed us to identify the areas where
low OCs of shifting land use towards improving water-
shed services can result in high watershed service pay-
offs. These sub-watersheds were given the highest
priority for intervention with watershed service improve-
ments. Second and third priorities were given to sub-
watersheds with high OCs and vulnerability and those
with low OCs and vulnerability, respectively. The latterFigure 4 State and Pressure Indicators to assess water resources vuln
consultation to assess the vulnerability of water resources in the Guapi-Macis based on the assumption that environmental goals are
more important than cost criteria. However, this could
be changed when there are budget restrictions and when
there is intent to increase efficiency of payments in com-
pensation schemes for watershed services. The lowest
priority areas are those sub-watersheds with high OCs
and low vulnerability of water resources.
Methods to assess the potential demand for watershed
services
Demand for watershed services was assessed by identify-
ing costs related to the end-user of those services (Honey-
Roses et al. 2013). For this particular study case, it in-
cluded quantifying water treatment costs incurred by the
main watershed user, the state water utility (CEDAE).
Water treatment costs that may be avoided if forests are
restored can be translated as the potential willingness to
pay (WTP) for watershed services. For example, if a one
unit reduction in turbidity levels implies 10 additional
monetary units in treatment costs, the water company’s
maximum WTP for watershed services will be 10.
We applied the avoided cost method focusing on the
annual operational costs of chemical products for the
treatment of raw water in the period between 1998 and
2011 from the local state water utility company. This ap-
proach required identifying key water quality indicators
related to the main operational cost categories of the
water utility company.
Based on expert interviews and as suggested by Medeiros
et al. (2011), Reis (2004) and Dearmont et al. (1998), weerability. These indicators were weighed by hydrological expert
acu watershed (Modified from Ferreira 2012).
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quality parameters, since an increase in turbidity implies
an increased concentration of suspended solids in surface
waters and is likely to reduce the quality of raw water to be
treated by the water utility. The conversion of forest to
other land uses such as agriculture or pasture caused by
farming systems can result in higher turbidity values,
which in turn correlate with higher water treatment costs
to reduce the concentration of suspended solids for public
water supply (Medeiros et al. 2011; Reis 2004; Dearmont
et al. 1998).
In addition Medeiros et al. (2011) and Reis (2004) sug-
gest that chemical products account for close to 60% of
annual operational costs in treatment plants in São Paulo
(Reis 2004). These products are used to flocculate the sus-
pended particles, measured as turbidity, that are found in
raw water to fulfill regulations on drinking water quality
for human consumption (maximum value of 5 NTU).
Results
Vulnerability of water resources
Water resource vulnerability is a function of both an-
thropogenic impact/pressure indicators and of environ-
mental state indicators, so the assessment of vulnerability
must account for this set of indicators. When only consid-
ering environmental state indicators, sub-watersheds lo-
cated in higher areas of the Guapi-Macacu watershed tend
to have higher vulnerability to anthropogenic pressure
than those in the lowlands (Ferreira 2012). Pressure indi-
cators in a watershed are highly influenced by population
density, land use practices, presence of urban settlements,
road density and other factors previously mentioned.
Therefore, the sub-watersheds with relatively high an-
thropogenic impacts are those with a high density of
urban settlements and rural population nuclei. Sub-
watersheds found in higher areas of the watershed have
considerably lower impact values (Ferreira 2012).
Figure 5 shows the sub-watersheds with higher vulner-
ability in the darker tones and those with lower vulner-
ability in the lighter tones. The less vulnerable sub-
watersheds are found in the lower areas of the watershed
and one of these is considered a natural protected area
with limitations and restrictions in land use, despite its
lower vulnerability.
Agricultural production and opportunity costs
Field surveys carried out in the Batatal and Caboclo sub-
watersheds showed differences in production patterns
and differences in specific environmental factors that re-
flect both the effect of farming systems on the provision
of watershed services as well as distinct farming systems’
profitability.
Relevant characteristics that differ considerably across
these two sub-watersheds include land tenure and landuse. In Batatal, most of the land is obtained by heritage
or with a provisionary land title (66%), followed by ba-
nana share-croppers (19%), who are generally entitled to
half the harvest. In contrast, in Caboclo most of the
population lives within a settlement that keeps a com-
mon forest area called a “private reserve”. This reserve is
protected and is restricted from cultivation. Therefore,
85% of the farm-households in Caboclo are located in
the lowlands, while the rest are found on the hillsides. In
both sub-watersheds, one farm unit does not surpass 14
hectares, which is considered typical for family-oriented
agriculture for the municipality of Cachoeiras de Macacu
(MDA 2010). After considering the specific differences
among farming systems in Batatal and Caboclo, four
types of farming systems (FS) were classified in Batatal
and two in the sub-watershed of Caboclo (Table 3).
In Batatal, we found that 80% of FS in the uplands are
specialised in banana (Musa sp.) production (classified as
FS 1) and 20% had a mixed system of cassava (Manihot sp.)
and banana (FS2). In the lowlands of Batatal, two add-
itional FS where agriculture is more intensive were classi-
fied as FS3 and FS4 and are equally distributed. FS3 has a
production system composed of cassava, green maize (Zea
mays), yams (Colocasia sp.) and courgette (Cucurbita sp.),
while FS4 has the same mix of cassava, green maize and
yams, but banana instead of courgette (Table 3).
Cassava is the dominant crop in the Caboclo sub-
watershed, followed by green maize, yams and common
beans (Phaseolus vulgaris). Cassava is the most culti-
vated crop, mainly due to low investment requirements
and because of relatively stable returns after a cropping
period of 8 to 9 months. Green maize requires higher in-
vestments; however, it provides relatively rapid returns
after only 90 days. Common beans are used to improve
soil fertility (nitrogen fixation) and as an alternative to
the other products. Other relevant short-cycle products
are okra (Hibiscus esculentus) and gilo (Solanum gilo).
The most common farming system in the Caboclo
sub-watershed (FS5) combines cassava, yams, common
beans and green maize (70%), while the rest (FS6-FS6a)
combine cassava, yams, common beans, green maize
and -additionally- okra or gilo (Table 3). Typically, green
maize, courgette and beans are planted twice in one
cropping cycle.
Agriculture in the uplands of Batatal is clearly less inten-
sive in fertilizer use than in the lowlands, especially given
that banana production in the uplands is carried out with-
out fertilization. The remoteness of these locations makes
intensive production less attractive than in the lowlands.
In the lowlands of Batatal, vegetable producers applied on
average of 240 kg of fertilizer per hectare each year. In
Caboclo, more than 70% of households used fertilizers for
their agricultural production, at an average of 547 kg per
hectare each year.
Figure 5 Vulnerability of water resources in the Guapi-Macacu watershed (Ferreira 2012).
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cides as their basic approach to weed control, whereas a
variety of agrochemicals were used in the lowlands. The
high use of herbicides for weed control could be the re-
sult of the shortage of and high cost of labour that
would otherwise undertake this activity. It should also
be noted that the Atlantic Forest Law (Law 11.428/1986)
and the Brazilian Forest Code (Law 12.651/2012) bring
certain limitations to agricultural production. The Atlantic
Forest Law bans the conversion of secondary forest into
land uses such as agricultural land. As an example, a col-
lapse of the market price for banana around fifteen years
ago left many banana plantations uncultivated and sec-
ondary forests developed and expanded, leading to aban-
donment of these plantations. In addition, the Brazilian
Forest Code defines for the Atlantic Forest Biome that
20% of rural properties need to be maintained as a
permanent forest reserve “Reserva Legal”. The Brazilian
Forest Code also prohibits the clearing of primary vegeta-
tion on steep slopes (>45°), along the margins of rivers
and streams and in headwater (source) areas, which are
classified as areas of permanent protection (APPs) (Ministry
of Environment 2005).In Batatal, the per hectare average annual profit was
estimated at 4,115 BRL and in Caboclo at 5,052 BRL
(Table 3). Returns for agriculture tend to be higher in
the lowlands, where the intensity of production is higher
than in the uplands, and there is a higher use of agricul-
tural inputs especially fertilizers for cash crops.
According to local expert interviews small livestock
farmers are considered those with farm size less than 20
hectares, while big-scale producers are considered those
with more than 400 hectares. According to official cattle
vaccination data in the Municipality of Cachoeiras de
Macacu in 2011, an estimation of the herd size can be
given on the base of vaccinated animals. This resulted in
27,995 animals in all three districts of this Municipality
(Secretary of Agriculture, Cattle Farming, Fisheries and
Supply 2011). Most livestock farmers (90%) have less
than 500 animals and small-scale producers are consid-
ered in this municipality those with less than 20 animals.
Mostly, animals are distributed in paddocks without
dividing fences.
Livestock production systems achieved profits of 20,
40 and 100 BRL per hectare annually, depending on
slope class (Table 3).
Table 3 Summary of annual farming systems profits in the study area
Main crops Unit Batatal sub-watershed Caboclo sub-watershed Pasture land systems
oriented to beef production
considering slopea
Upland Lowland Lowland
FS1 FS2 FS3 FS4 FS5 FS6a FS6b ≤15° 16° to25°
>25°
Banana
(BRL)
972 972 983
Cassava −1,334 3,950 3,950 5,231 5,232 5,232
Green maize
(summer)
2,371 2,371 2,066 2,067 2,067
Green maize (winter) 3,438 3,438 2,371 2,371 2,371
Yam 2,861 2,861 6,199 6,199 6,199
Courgette 3,633
Gilo 10,941
Okra 10,092
Beans (summer) 1,419 1,419 1,419
Beans (winter) 1,522 1,523 1,523
Occurrence (%) 80 20 50 50 70 15 15
Typical area and crop
distribution for each
farming system (FS)
(ha) 10.3
10.3 (8.3 banana,
2.0 cassava)
6.0 (2.0 cassava, 2.0 green
maize, 1.0 yam, 1.0 banana)
6.0 (2.0 cassava, 2.0 green
maize, 1.0 yam, 1.0 courgette)
4.0 (1.0 cassava,
1.5 green maize,
1.0 yam, 0.5 beans)
4.0 (1.0 cassava, 1.5
green maize, 0.5 yam,
0.5 okra or gilo, 0.5 beans)
Per hectare profit (BRL ha−1) 972 526 3,894 4,336 4,889.7 5,376.3 5,482.5 20 40 100
Average value for
extrapolation at
the watershed level
(BRL ha−1)
Macacu River lowland Guapiaçú River
4,114.8b 5,051.6 20 40 100
aAccording to expert interviews, there is a gain of 40 to 60 kg of live animal weight in high slope areas in contrast to those in lowlands with a gain in live animal weight of 120 to 150 kg in this particular watershed;
bSince upland agriculture in the Batatal sub-watershed (FS1 and FS2) was not detected by the available land use classification (Naegeli 2010; Pedreira et al. 2009; Fidalgo et al. 2008), we were limited to using average
per hectare annual profits for lowland agriculture in Batatal (FS3 and FS4) resulting in an average annual per hectare value of 4,114.8 BRL.
Rodríguez
O
suna
et
al.EcologicalProcesses
2014,3:16
Page
12
of
21
http://w
w
w
.ecologicalprocesses.com
/content/3/1/16
Rodríguez Osuna et al. Ecological Processes 2014, 3:16 Page 13 of 21
http://www.ecologicalprocesses.com/content/3/1/16Area-weighted OCs per sub-watershed were spatially
mapped, ranging from 14 to 1,660 BRL per hectare
(Figure 6). This reflects that extensive pasture is the
most important land use in the Guapi-Macacu water-
shed according to area, which is an activity with com-
paratively low per hectare profits.
Figure 5 shows that quite a number of high OC areas
are located close to the main two river beds, where in-
tensive agriculture predominates. Resulting OCs from
agriculture occur only in lowlands and close to the river
plain, which have higher nutrient concentration than in
higher slope areas.
Low OCs areas are often either located in the steep
slope areas of the upper watershed or in the valleys, where
extensive pasture areas dominate. However, these areas
are also found in the lower parts of the watershed, where
a small-scale settlement promoting family-oriented cattle
ranching was launched a decade ago by the government
of Rio de Janeiro.
Forests predominate mainly in higher slope areas
(mostly in white in Figure 6), which originate, to a greatFigure 6 Spatial per hectare opportunity costs in BRL for the land use
the Guapi-Macacu watershed. The white areas within the map correspon
Guapi-Macacu watershed.extent, in protected areas such as the State Park “Três
Picos”, the National Park “Serra dos Órgãos” and the
State Ecological Station “Paraíso”.
Analysis of environmental and economic criteria for
watershed service conservation and improvement
Analysis of environmental (vulnerability of water re-
sources) and economic criteria (OCs of watershed ser-
vice provision) in the Guapi-Macacu watershed allowed
us to identify priority areas for watershed service conser-
vation and improvement. These areas are the land use-
based management options (i.e. conversion of pastoral
or agricultural lands to forest) with the highest potential
of improving water quality and lowest OCs (Figure 7).
Our results highlight the sub-watersheds where the vul-
nerability of water resources are highest and OCs of con-
verting land uses to foster watershed service provision are
lowest. The high priority areas (in dark red) are in most
cases found in sub-watersheds with steeper average slope
levels where impact on water resources was found to be
high (Figure 7).s “agriculture” and “pasture” within each sub-watershed in
d to those with land uses other than agriculture in the
Figure 7 Priority areas for improving or ensuring watershed services of the Guapi-Macacu watershed. Priority areas for improving or
ensuring watershed services (water quality) where 1 is considered high and 4 represents low priority.
Rodríguez Osuna et al. Ecological Processes 2014, 3:16 Page 14 of 21
http://www.ecologicalprocesses.com/content/3/1/16Demand for watershed services: water treatment
According to micro-economic theory, we interpret the
water utility company’s demand for chemicals to treat
water as its willingness to pay for a desired water quality
level (in this case turbidity under 5 NTU for human
consumption). The treatment cost of an additional tur-
bidity unit is thus equivalent to the company’s potential
willingness to pay for any measure that reduces turbidity
by the same amount (see avoided cost method, for ex-
ample, in Perman et al. 2003).
Based on expert interviews and relevant studies (Medeiros
et al. 2011, Reis 2004 and Dearmont et al. 1998), which
identified turbidity as the key water quality parameter
relevant for water treatment costs, we applied the avoided
cost method to the local water utility company. In Table 4,
the main characteristics of the water treatment are
presented.
Based on data from CEDAE (treatment unit Laranjal) for
the period between 1998 and 2011, we estimated the
avoided costs of a reduction of 1% turbidity at 15,510 BRL,
considering an average volume of treated water of 174,545
cubic metres at an average cost of 22.2 BRL per 1,000 cubicmetres (Table 5). The Pearson correlation coefficient for
average annual turbidity levels and costs for chemical prod-
ucts in this water utility for the period between 1998 and
2011 was 0.4. This correlation value is relatively low com-
pared to other studies carried out in Brazil. For example,
Reis (2004) calculated a correlation value of 0.7 for seven
water treatment units in São Paulo and Cabral de Sousa
(2011) found a coefficient of 0.9 when comparing 10 differ-
ent sub-watersheds and their treatment costs in São Paulo.
Reis (2004) found that chemical treatment costs in
water utility units on the Piracicaba River are 12.7 times
higher than the cost of treating water from the Cantareira
system. This author argues that this finding can be ex-
plained by the considerably lower forest cover in the
Piracicaba watershed (4.3%) compared to the Cantareira
watershed (27.2%).
Therefore, the geographical location of forests, as well
as land use, soil type, geomorphology and predominant
geology are considered relevant factors that influence
water quality from headwaters (springs) and water treat-
ment costs for public supply. Nevertheless, Reis (2004)
showed that the percentage of forest cover is often a
Table 4 Characteristics of water treatment utility in the lower catchment part of the Guapi-Macacu watershed in 2011
Treatment unit: Laranjal - CEDAE Municipality: São Gonçalo
Captivation area from the GMW 1,263 km2
Forest cover in the watershed 48.8%
Treatment type Conventional
General treatment phases Captivation, sedimentation, coagulation, flocculation, decantation, filtration,
disinfection, water fluoridation and pH correction
Treated water flow Average flow in 2011, 5.35 m3 s−1
Population supplied with treated water 2,000,000 inhabitants
General chemical products used
Aluminium sulphate Al2(SO4)3, polyelectrolyte, hexafluorosilicic acid H2SIF6,
chlorine, calcium oxide CaO
Costs with chemical products for the treatment of raw water 2.31 × 106 BRL (year 2011)
Turbidity of raw water, average values 17.10 NTU
Treated water characteristics Colour, 2.50 uH
Turbidity, 0.34 NTU
Total costs with chemical products and electricity in a year for the
water treatment unit
For the treatment of 6 m3 s−1,
• 300,000 [BRL] (monthly expenditure for chemical products)
• 100,000 [BRL] (monthly expenditure for electricity in the captivation and
production area within the unit)
Rodríguez Osuna et al. Ecological Processes 2014, 3:16 Page 15 of 21
http://www.ecologicalprocesses.com/content/3/1/16sufficiently informative indicator of watershed health
and thus water quality.
Water quality monitoring obtained in seven moni-
toring campaigns in the years 2010 and 2011 along
the whole watershed demonstrated lower turbidity levels
in the highest parts of the sub-watershed, where forest
cover is higher. For example, our reference sub-watershed
Manuel Alexandre presented an average value of 0.8 NTU
at the outlet as compared to 17.4 NTU at a lower region
close to the water intake point of the water utility
(Paiva et al. 2011).
Is paying for land use changes that foster watershed
services cheaper than treating water?
The estimated OCs of converting land use/land cover to
the benefit of water quality can range between 4,000 to
5,000 BRL per hectare each year for agricultural systems
and less than 100 BRL for pasture land. However, the ac-
tual OCs per hectare in many sub-watersheds are likely
to be much lower, especially if land close to rivers and
headwaters is covered by extensive pastures. On the
demand side, we estimate that the water company
CEDAE’s maximum WTP for land use change in theTable 5 Annual avoided costs from 1998–2011 for the
local water utility company
Average
quantity
(m3yr−1)
Average cost
(1,000 BRL m−3)
Total cost
(BRL)
Avoided cost
for 1% of turbidity
reduction (BRL)
174,545.3 22.2 3,877,482.0 15,509.9watershed based on avoided costs is 15,510 BRL per
additional 1% reduction in turbidity levels at the water
intake point of the water utility.
Ideally, a full-scale hydrological model for the water-
shed would provide us with the potential effect of alter-
native land use scenarios on turbidity at the water intake
point of the water utility. In the absence of such a
model, we can only provide an informed estimation with
regard to the viability of PWS in the watershed. At the
high OCs end, it is clearly unrealistic to expect that the
conversion of less than 3 hectares of intensively used
cropland in the whole watershed (the avoided cost of
water quality reduction: 15,510 BRL / maximum per
hectare OC: 5,482.5 BRL per ha = 2.83 ha) will result in
a 1% reduction of turbidity levels. In contrast, carefully
selected pasture and low intensity agricultural sites could
potentially be converted into forest (162 to 814 hectares)
in the case of pastures. Land use changes at that scale
are more likely to bring about measurable changes in
turbidity levels if located in zones with a large impact on
river water quality.
Unfortunately, given the spatial distribution of pas-
tures and high intensity agriculture in the watershed,
there are likely to be limited opportunities to convert
large tracts of land at low costs. Payments for forest re-
cuperation may thus likely remain a complementary
watershed management measure in our study area. As
an alternative to full scale conversion, some simple pas-
ture management techniques, such as limiting access of
cattle to the riverbed in lowland pastures (see dark red
areas in the centre of Figure 7), could prove to be
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reduce turbidity levels close to the water intake point of
CEDAE.
Inadequate livestock grazing practices can compromise
water quality to the point where is considered degraded
and highly polluted and not able to meet water quality
standards (EPA 2013). Therefore, excluding livestock from
streams and improving range management practices can
contribute to reduce turbidity on streams (EPA 2013).
Although the water supply company’s WTP does not
match the estimated OCs, payments from other water
users are an additional option that can be taken into ac-
count in the design of a PWS scheme in this watershed.
Particularly important would be the demand of water by
COMPERJ (the Rio de Janeiro petrochemical complex). In
addition, this assessment was solely carried out on the
basis of water quality improvements in terms of turbidity
levels, since it was found this service to be relevant for the
demanders downstream. However, accounting for add-
itional ecosystem services provided by forest ecosystems
would increase the potential WTP for ecosystem services
in this region.
Discussion
This study estimated the costs involved in both supply
and demand of water quality maintenance and improve-
ment; where we identified priority areas for supply in
order to target watershed management measures or sup-
port the launch of compensation schemes such as PES
or PWS. We estimated demand by assessing the willing-
ness to pay for a water quality improvement in terms of
turbidity by the main watershed user, the state water
utility company (CEDAE). This approach showed to be
helpful for the design of watershed payment schemes in
other local contexts (Pagiola et al. 2010, Martinez de
Anguita et al. 2011, Garcia-Nieto et al. 2013, Martin-
Ortega et al. 2012). Adjusting off-the-shelf modelling
packages, such as SWAT, for our purposes (see for ex-
ample, Martinez de Anguita et al. 2011 and Quintero
et al. 2009), was deemed inappropriate by local hydrolo-
gists. Attributing water quality dynamics to land use
changes is one of the most challenging issues in ecosys-
tem services research (De Groot et al. 2010). Since we
lack an appropriate hydrological model, we have left the
quantification of the effects of specific land use changes
on water quality improvement in our study area for fu-
ture research.
Some limitations of this study are related to the use of
turbidity as a water quality indicator. Land use is most
likely the most relevant factor that influence turbidity
changes in streams (ECI 2014). However, turbidity is
subject to natural physical and biological variations even
if the watershed is forested. The physical factors relate par-
ticularly to erosion processes, landslides, and mudslidesafter heavy rainfalls. These accelerated slope processes that
are associated with high sediment loads and turbidity can
even take place under closed forest cover, as seen for
example during the 2011 mudslides and floods (Nehren
et al. 2014). The nature of soils and geology in the water-
shed (e.g. erosion of the riverbed) also determines how
easily erosion might occur (ECI 2014).
We found a lower correlation between water treatment
costs and turbidity (0.4) than the 0.7 found by Reis
(2004) in her analysis of 7 treatment utility plants in São
Paulo. The use of average values for turbidity and the
costs of chemicals used for treatment would most likely
mask a higher correlation. However, our correlation is
relevant since it supports our conclusion that the WTP
from the water supply company is likely to be rather
low. Yet, turbidity levels monitored at the water intake
point of the water supply facility do not exceed 50 NTU
(Paiva et al. 2011).
Comparing these turbidity levels for water treatment
with other cases in Brazil, we found mean turbidity
levels of 16 NTU and 64 NTU in São Paulo (the first
value between April to October and November to March
respectively) at the water intake point of the River
Piracicaba. In this particular case, it was found that this
treatment plant had the highest costs related to the use
of chemical products for water treatment, which in
addition might have been correlated with the low forest
cover of 4.3% (Reis 2004). During these same periods
mean turbidity in the Cantareira system (dam) varied
from 3–9 NTU respectively with the lowest costs for
chemical products with a more elevated forest cover
27.1% (Reis 2004).
However, with regards to the use of chemical products
for water treatment and their relative costs, it should be
noted that not all chemical products are used to tackle
turbidity. The main product used to flocculate suspended
material and reduce turbidity is aluminum sulphate, which
has the highest share of the cost of chemicals for the treat-
ment process. The use of the other single chemical prod-
ucts is also correlated to the performance of the treatment
process, where, for example the better the quality of the
final product (i.e. treated/filtered water), the lower the cost
with the rest of the chemical products, namely hexafluoro-
silicic acid, chlorine and calcium oxide.
Agricultural land use clearly represents the most im-
portant entry point for watershed managers in the stud-
ied area, which is why we focused on quantifying the
OCs of changing rural land cover. It should be noted
that Lorz et al. (2011) demonstrated that urban settle-
ments also negatively impact water quality in terms of
turbidity, ammonium (NH4
+) and Chemical Oxygen
Demand (COD). Therefore, future studies should also
consider the costs of changes to waste water treatment
in upstream urban settlements.
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used in our analysis does not distinguish between agri-
cultural production systems and underestimates the total
land under production due to low resolution (Pedreira
et al. 2009; Fidalgo et al. 2008). Land use classifications
with higher resolution (based on SPOT 5) only exist for
the upper part of the Guapi-Macacu watershed, but such
data would permit our OC analyses to be extrapolated in
more detail.
Comparing our OC estimates to actual transfers in
existing PWS schemes in the Atlantic Forest, we find
that per hectare payment values range from 10 BRL an-
nually to 566 BRL monthly (Veiga and Galvadao 2011).
These include annual per hectare payments of 176 BRL
in the municipality of Extrema, state of Minas Gerais;
25–125 BRL in the watershed of PCJ in the state of São
Paulo; 10–60 BRL in the watershed of Guandu, state of
Rio de Janeiro; 80–340 BRL in the watershed Benevente,
state of Espírito Santo; 80–340 BRL in the Guandu
watershed, states of Espírito Santo and Rio de Janeiro;
75–563 BRL paid by the OASIS Foundation, states of
Espírito Santo and Paraná; and 175–577 BRL monthly
payments in the state of Santa Catarina (Veiga and
Galvadao 2011).
At the regional level in Latin America, we can com-
pare our estimates to well-known schemes, such as the
Costa Rican PES programme (FAO 2007). Here, annual
per hectare payments vary from 98 BRL for natural re-
generation to 152 BRL for forest preservation and more
than 2,332 BRL for new forest plantations for a time
period over five years (Ecosystem Marketplace 2010).
The National Programme for Hydrological Environmen-
tal Services in Mexico (PSAH) pays between 57–90 BRL
per hectare annually depending on the forest type con-
sidering the OCs of land conversion (Ecosystem Market-
place 2010; Muñoz-Piña et al. 2008). The Ecuadorian
PWS Programme in Pinampiro pays landowners around
14–29 BRL per hectare annually (Wunder and Alban
2008), while the Los Negros programme in Bolivia pays
in-kind with beehive boxes for honey production
(Asquith and Wunder 2008). Agricultural OCs in our
study area thus clearly exceed the average annual payment
in existing PWS schemes by more than a factor of 10.
However, we note that payments made under the above
mentioned schemes may focus in other actions other than
conversion from agriculture or pastoral lands into forest.
In the case of the Atlantic Forest schemes, mostly pay-
ments are directed to protect headwater areas and restore
and conserve riparian forests. However, actions other than
conversion from agriculture or pastoral lands into forest
can be paid for (eg. soil conservation practices). The price
paid to farmers in the PSAH Mexican scheme has been de-
cided based on the assumption that corn production would
be an alternative to conservation (Ecosystem Marketplace2010). The Pinampiro PWS programme pays for forest and
páramo protection and regeneration (Wunder and Alban
2008), while the Los Negros programme compensates for
avoided deforestation of cloud forests (IIED 2012b).
Our results may prove useful for ongoing watershed con-
servation initiatives, such as the World Bank funded Rio
Rural carried out by the State Secretary for Agriculture and
Livestock in the state of Rio de Janeiro (RioRural 2013).
This and many other initiatives in the Atlantic Forest re-
gion have shown great interest in incentive-based water-
shed management approaches. Furthermore, Brazilian
legislation has been supporting such approaches, such as
the Brazilian National Law on Water Resources (Law
9433/1997), which allows for example the establishment of
watershed service markets and permits charging for water
use as it is taking place in some watersheds in Rio de
Janeiro (Veiga 2008).
Equally relevant is the more recent Law 9985/2000
“SNUC” that adopts the protector-receiver principle,
which allows for rewards in exchange for good natural
resource stewardship (Strobel et al. 2007). Funding for
incentive-based watershed management may be derived
from Brazil’s “ecological” tax system, which compensates
municipalities for conservation costs based on the value-
added tax (ICMS) (Marques 2009; Veiga 2008).
In addition, the decree No. 42029/2011 established the
Payment for Environmental Services mechanism under
the Rio de Janeiro State Programme for Conservation
and Revitalization of Water Resources (PROHIDRO).
This decree has given legal status to the PES Pro-
grammes already underway in the state of Rio de Janeiro,
such as the Lagos São João Committee through Good
Practices Fund (Funboas) and Guandu Committee
through Water and Forest Programme implemented in
the municipality of Rio Claro.
This study can potentially contribute to implementation
of these laws in the Guapi-Macacu watershed in a more
effective way with respect to social, economic and envir-
onmental aspects. Given that our study results take into
account these different aspects and are based on primary
data obtained in the watershed, our study can contribute
by identifying limitations and opportunities related to eco-
nomic watershed compensation programmes.
Conclusions
Assessing the economic scope of incentive-based
watershed management requires knowledge of both
the costs of providing additional watershed services
through land use and land cover change (service sup-
ply) and the willingness to pay (demand) for such ser-
vices. This study has quantified these two necessary
inputs to enable an informed decision-making process
in the context of the Guapi-Macacu watershed in the
state of Rio de Janeiro, Brazil.
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range between 972–5,482 BRL per hectare for cropland
and <100 BRL per hectare for pastures. At the sub-
watershed level, zones that use a high proportion of pas-
ture but low proportion of cropland in the land use mix
will accordingly have low area-weighted average OCs
and vice versa. With regard to demand, we assessed
water treatment costs and found a 1% reduction in water
turbidity levels to be worth 15,510 BRL on average to
the water company, CEDAE.
In absolute terms, only a relatively small share of land
in the watershed is cropland (5,560 hectares); the area
covered by pasture (52,374 ha) and forest (61,665 ha) is
much larger. However, cropland covers a considerable
amount of land with potential to provide watershed ser-
vices and, as a result, high OCs become a critical limita-
tion on strategies that aim to change land use for the
benefit of water quality.
Nevertheless, given the spatial distribution of pastures
and high intensity agriculture in the watershed, we find
that payments for forest recuperation are likely to be
cost-effective in sub-watersheds with a high proportion
of pasture land. Some of these sub-watersheds also hap-
pen to exhibit high levels of water resources vulnerability
and thus represent potential priority intervention zones
for watershed management (Figure 6). In these areas,
watershed planners may reap considerable benefits from
active pasture management options, such as silvopas-
toral systems or strategic fencing of riparian areas. In
addition, sustainable agricultural and soil conservation
practices can bring additional benefits in terms of redu-
cing and avoiding sedimentation, erosion, which in turn
result in improving water quality.
To the extent that smallholders in the study area also
depend on subsistence production for their livelihoods,
land use based watershed management strategies will
have to also consider food security issues, especially in
the upper part of the watershed.
Our study area reflects watershed management is-
sues that are typical across many parts of the Atlantic
Forest region, which often have diverse agricultural
mosaics and thus highly variable OCs. Wherever in-
tensively used cropland dominates in the vulnerable
zones of large watersheds, land use planners will find
it difficult to rely on the use of payments for water-
shed services alone. Effective watershed management
will then have to be combined with enhanced moni-
toring and enforcement activities to ensure that the
Brazilian Forest Law is complied with, particularly
with regard to riparian forests. Research designed with
a bottom-up approach that quantifies the potential
compliance costs of land users can clearly help policy
makers to target both incentives and disincentives in a
cost-effective manner.Competing interests
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